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School of Natural Sciences, Linnaeus University, Kalmar, SwedenABSTRACT Important mechanisms in muscle contraction have recently been reevaluated based on analyses that rely on the
assumption of linear myofilament elasticity. However, the present theoretical study shows that nonlinearity of this elasticity, even
when so minor that it may be difficult to detect in experimental data, could have great impact on the interpretation of muscle
mechanical experiments. This is illustrated by using simulated stiffness and strain-versus-force data for muscle fibers shortening
at different constant velocities. There is substantial quantitative agreement, for this condition, between models with distributed
myofilament compliance and models where the compliance of the myofilaments and the actomyosin cross-bridges are lumped
together into two separate elastic elements acting in series. The data thus support the usefulness of the latter, simpler, type of
model in the analysis. However, most importantly, the data emphasize the importance of caution before reevaluating funda-
mental mechanisms of muscle contraction based on analyses relying on the assumption of linear myofilament elasticity.INTRODUCTIONMuscle force development results from strain in elastic
elements of actomyosin cross-bridges (1–4) secondary to
structural changes associated with different steps in the
ATP turnover at the myosin active site. Because the cross-
bridges in the half-sarcomere (the contractile unit of muscle;
Fig. 1 A) act in parallel, the longitudinal stiffness of a muscle
fiber increases with the number of attached cross-bridges
while the strain of the half-sarcomere elasticity increases
with the average cross-bridge strain. Because early evidence
(3) suggested that the compliance (inverse of stiffness) of
the thin and thick filaments (Fig. 1; the myofilaments) is
very low, the fiber stiffness was, in experiments up until
the mid-1990s, believed to be directly proportional to the
number of attached cross-bridges. Moreover, along similar
lines, the strain of the half-sarcomere was thought to directly
report the average cross-bridge strain. These ideas were,
however, challenged by evidence (5–11) that the myofila-
ments are quite extensible (see Fig. 1, B and C), prompting
reinterpretation of a number of experimental results. A
recent study (12) has, for instance, suggested reevaluation
of the mechanism for the relationship between the applied
load on a muscle fiber and the steady-state shortening
velocity against this load (the force-velocity relationship
(13,14); see Fig. 2 A). Additionally, the mechanisms for
effects of inorganic phosphate on muscle force (15) and
for resistance to stretch during lengthening contractions
(16,17) have been reconsidered as well as certain aspects
of the tension response to rapid length steps (the tension
transients) (18,19). In the analyses that form the basis
for these reevaluations (12,15,16,19), filament compliance
was assumed linear (Hookean) with strain directly propor-Submitted June 5, 2010, and accepted for publication July 16, 2010.
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0006-3495/10/09/1869/7 $2.00tional to tension. In contrast, some experimental results
(6,20–23) suggest more or less marked nonlinearities of
the filament compliance. This evidence for nonlinearities
involves lower muscle fiber stiffness at low tension—similar
to the type of nonlinearity previously demonstrated in
tendons (24), another hierarchically structured biological
material. To our knowledge, the impact of small nonlinear-
ities of this type on the interpretation of experimental data in
muscle mechanics, e.g., force-stiffness and force-strain rela-
tionships, has not been investigated, despite the potentially
critical significance. Such investigations are undertaken here
for the situation with muscle shortening against different
constant loads. This case is of particular interest due to its
fundamental importance for validating models of muscle
contraction (11,25–29). Additionally, there are conflicting
reports (Fig. 2 B; purple) (12,23) about the shape of the
relationship between force and the number of attached
cross-bridges under these conditions.
The analysis below shows that the assumption of linearity
of the filament elasticity, if this is in reality nonlinear, may
introduce significant errors in the interpretation of muscle
mechanical data, e.g., the relationship between force and
the number of attached cross-bridges during shortening at
constant velocity. This applies even if the nonlinearities
are of a magnitude that is barely detectable in a number of
experimental studies—emphasizing the importance of using
caution in reinterpreting any experimental data from anal-
ysis that relies on the assumption of linear myofilament
compliance.THEORY AND METHODS
The rationale of the study can be summarized as follows: First, the proper-
ties of the half-sarcomere elasticity (filaments and cross-bridges; Fig. 1) are
simulated for the case of steady shortening at different velocities. This is
done on the basis of a well-defined assumed relation between number ofdoi: 10.1016/j.bpj.2010.07.029
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FIGURE 1 Muscle sarcomere and formalism for
analysis of half-sarcomere elasticity. (A) Schematic
illustration of muscle sarcomere with the most-
essential components. The relevant sarcomere
components to include when analyzing the elas-
ticity of the half-sarcomere are enclosed in the rect-
angle, delimited by shaded lines. This rectangle
contains the M-line, a 0.1-mm long nonoverlap
region of the thick filament, the 0.7-mm long over-
lap region where myosin heads (short vertical
lines) connect the thin and thick filaments and,
finally, a nonoverlap region of the thin filament
before it inserts into the Z-line. For further details,
see Supporting Material. (B) The simple represen-
tation of half-sarcomere compliance (used here),
with myofilament compliance and compliance
due to actomyosin cross-bridges lumped together
into two series of connected springs (saw-tooth
pattern), with stiffness Sf and Scb, respectively.
(C) Schematic illustration of the distributed nature
of the myofilament and cross-bridge elasticity
illustrated by showing the relevant half-sarcomere
geometry (rectangle delimited by shaded lines
in A) in relaxed muscle (top) and during active
contraction (bottom) with tension T. It is clear
from the vertical dashed lines that the half-sarco-
mere strain has contributions from extension of
the nonoverlap regions of the thick and thin fila-
ments and the series’ connected overlap region. The contribution from the latter region includes extension of the thin filaments and shift of the thin filament
relative to the thick filament. The latter shift includes that attributed to the average strain in the actomyosin cross-bridges (indicated by tilted left and right
ends of overlap region). Note that, during isometric force-development, the sarcomeres are naturally not extended, but maintain a constant length by sliding
of the thick and thin filaments relative each other, to compensate for the extension of filaments. Note also that this compensatory shortening is not illustrated
here, and that the degree of extension of the cross-bridge and filament elasticity depicted is not to scale, but instead, greatly exaggerated.
1870 Ma˚nssonattached cross-bridges and tension in the muscle fiber and for various
degrees of assumed nonlinearity of the myofilament elasticity (Fig. 2, B
and C). Next, the inverse operation is performed, i.e., the number of
attached cross-bridges and their average strain is calculated from the simu-
lated data but now with the assumption of a linear filament elasticity, as in
recent studies (e.g., (12)). The results demonstrate how the assumption of
linear myofilament compliance affects the interpretation of muscle mechan-
ical data obtained during steady-state shortening if the myofilament compli-
ance, in reality, exhibits different degrees of nonlinearities.
In all calculations, the myofilament and cross-bridge elasticity are
assumed to be lumped (Fig. 1 B) into two elastic elements acting in series.
It is shown in the Supporting Material that this assumption (under the
present conditions) gives virtually identical results as calculations explicitly
incorporating the distributed nature (Fig. 1 C) of the filament and cross-
bridge compliance (3,30). Although either the distributed or the lumped
model could be used interchangeably, the conceptually simpler lumped
model was chosen for practical reasons. In this model, the stiffness of the
half-sarcomere (Shs), over the fiber cross-section, is attributed to the stiff-
ness (Fig. 1 B) of the corresponding cross-bridge ensemble (Scb) and
myofilaments (Sf) according to
Shs ¼ ScbSf
Scb þ Sf : (1)
This applies at each given tension level, T, between zero and the maximum
isometric tension, T0. The argument T/T0 has, however, been omitted for
clarity in Eq. 1, i.e.,
SfhSfðT=T0Þ; ScbhScbðT=T0Þ and ShshShsðT=T0Þ:Biophysical Journal 99(6) 1869–1875Whereas the individual cross-bridge is assumed to exhibit Hookean elas-
ticity, the number of attached cross-bridges is assumed to vary with force
(tension in half-sarcomere over fiber cross-section) during steady-state
shortening according to a recent model (29). Further, each steady-state
force level (T/T0) is associated with a unique steady-state velocity in the
model (Fig. 2 A) with a continuous increase in shortening velocity with
reduction in force. It can be seen in Fig. 2 A that the theoretical data are
in good quantitative agreement with the experimental force-velocity rela-
tionship (14). Because the cross-bridges act in parallel within the half-
sarcomere, the force-stiffness relationship for the cross-bridge ensemble
(Scb(T/T0)) reflects the number of attached cross-bridges (black line in
Fig. 2 B). This relationship, based on the model (29), will, in the following,
be denoted the true force-stiffness relationship for the cross-bridge
ensemble during shortening at different constant velocities.
It is important to stress that the validity of this analysis does not rely on
the use of a specific model (29) to derive the number of attached cross-
bridges versus force. Indeed, any arbitrary, but well-defined, relationship
for the true number of attached cross-bridges versus T/T0 could be used
to simulate the properties of the contractile system and thus illustrate the
critical importance of the myofilament characteristics, as we have done.
Because a unique relationship has not been obtained in experiments (see
purple symbols in Fig. 2 B), it seems reasonable to use a relationship
from a model (like (29)) that accounts very well for a range of other exper-
imental findings.
The strain of the filament elasticity at the maximum isometric force, T0,
in the simulations was set to 3 nm (12), to be consistent with a total half-
sarcomere strain of 5.3 nm at T0. The assumed subdivision of the half-
sarcomere strain at T0, between cross-bridges (~2 nm; 2.3 nm according
to model (29)) and filaments (~3 nm), is approximately consistent with
experiments (5,6,12). Simple forms of nonlinearities for the myofilament
elasticity (Fig. 2 B) were tested, in general agreement with the suggestions
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
1.0
0.0
0.2
0.4
0.6
0.8
1.0
T/T
0
R
e
l
a
t
i
v
e
 
n
u
m
b
e
r
o
f
 
c
r
o
s
s
-
b
r
i
d
g
e
s
R
e
l
a
t
i
v
e
 
f
i
l
a
m
e
n
t
s
t
i
f
f
n
e
s
s
 
(
S
f /
S
f
m
a
x
)
0.0 0.2 0.4 0.6 0.8 1.0
0
1
2
3
Modeled cross-bridge
strain
T/T 0
S
t
r
a
i
n
 
(
n
m
)
B
C
0.0 0.5 1.0
0
500
1000
1500
2000
2500
Normalized force (T/T0)
V
e
l
o
c
i
t
y
(
n
m
 
h
a
l
f
-
s
a
r
c
o
m
e
r
e
-
1
s
-
1
)A
FIGURE 2 Properties versus force during shortening at different steady
velocities. (A) Force-velocity relationship for the model of cross-bridge
behavior (from (29); black line) compared to experimental data for frog
muscle fibers at low temperature (from (14); purple symbols). Each relative
force (tension) level (T/T0; see also panels B and C) is uniquely associated
with one steady velocity level according to the force-velocity relationship
for the model (black line). The force level T0 is the isometric tetanic tension
whereas the tension level T is the tension in the half-sarcomere (over the
fiber cross-sectional area) that balances the load imposed on the muscle
fiber. (B) Three myofilament force-stiffness relationships (colored straight
lines) tested in this article and the number of attached cross-bridges versus
force according to model (29) (black line) and experiments (purple squares
(12; with error bars) and open purple circles (23); measured from figures in
the respective articles). The stiffness Scb at T0 in the model (29) due to all
attached cross-bridges per half-sarcomere over the fiber cross-section corre-
sponds to 0.44 T0/nm (2.8 pN/nm per cross-bridge with average force per
attached cross-bridge equal to 6.3 pN (29)). (C) Force-strain relationships
for cross-bridges according to model (29) (black line) and for myofilaments
(from Eqs. 3 and 4) with normalized force-stiffness relationships as in
panel B (same color codes) and stiffness magnitudes as in Table 1.
TABLE 1 Quantitative data for filament elasticity
Nonlinearity
parameter (m)
Sf
max
(T0/nm)*
Filament strain
at T0 (nm)
r2 for strain versus
T/T0 at T/T0 > 0.5
0.3 0.573 3 0.9969
0.75 0.384 3 0.9997
1 (linear) 0.333 3 1.0000
*The value of Sf
max was chosen to give 3-nm filament strain at T0 indepen-
dent of the degree of nonlinearity of the filament elasticity.
Nonlinear Myofilament Elasticity 1871(6,20–23) of lower myofilament stiffness at low tension. The different
tested force-stiffness relationships for the myofilament elasticity may be
described by
SfðT=T0Þ ¼ Smaxf ðm þ ð1 mÞT=T0Þ; (2)
where Sf is the myofilament stiffness at the relative tension T/T0. Further,
Sf
max is the myofilament stiffness at T ¼ T0. This parameter is expressed
in units of T0 nm
1 or just nm1, if tension is normalized (T/T0) and hence
dimensionless. The nonlinearity parameter m, in Eq. 2, is the intercept on
the ordinate for the relationship between normalized myofilament stiffness(Sf/ Sf
max) and normalized force (T/T0) (colored lines in Fig. 2 B). If m < 1,
it means that stiffness is reduced with reduced tension.
The myofilament strain (lf; Fig. 2 C) at a given relative force level, T/T0,
was derived by integrating filament compliance (1/(Sf(T/T0)) from zero
force to the relative force level Tr ¼ T/T0,
lfðT=T0Þ ¼
ZT=T0
0
1
smaxf
1
m þ ð1 mÞTr dTr
¼ 1
smaxf

ln ðm þ ð1 mÞT=T0Þ  lnm
1 m

; (3)
or, if myofilament stiffness is constant (Hookean; Sf (T/T0) ¼ Sfmax),
lfðT=T0Þ ¼ T=

T0S
max
f

: (4)
The half-sarcomere strain (lhs (T/T0)) was now derived simply by summing
the filament strain (lf (T/T0) according to Eqs. 3 and 4 and the cross-bridge
strain (lcb (T/T0)) according to the model (29). The latter relationship
corresponds to the true force-strain relationship for the cross-bridges in
this analysis.
When force-stiffness and force-strain relationships of the half-
sarcomere had been simulated with different degrees of nonlinearity of
the myofilament elasticity, the inverse operations were performed on these
relationships to obtain force-strain and force-stiffness relationships of
the cross-bridges on the assumption of a Hookean filament elasticity
(12,15,17,31). Calculated force-stiffness relations for the cross-bridge
ensemble on this assumption were obtained from the simulated half-sarco-
mere relationships by solving for Scb in Eq. 1 with Sf ¼ Sfmax ¼ 0.33 T0/nm
(Table 1 (12)).
The force-strain relationship for the cross-bridges on the assumption of
linear myofilament elasticity was obtained by an approach similar to that
in Piazzesi et al. (12).
Analyses of models with distributed filament and cross-bridge compli-
ance involved the solution of a set of ordinary, nonlinear differential equa-
tions (Supporting Material). If not otherwise stated in the Supporting
Material, the solutions were obtained numerically, using the fourth-order
Runge-Kutta-Fehlberg method, implemented in SIMNON (Ver. 1.3;
SSPA, Gothenburg, Sweden). Regression analysis was performed using
GraphPad Prism (Ver. 5.0; GraphPad Software, San Diego, CA).RESULTS AND DISCUSSION
The results below all refer to the behavior of muscle fibers
shortening against constant load. That is, all results describe
properties (e.g., force-stiffness and force-strain relation-
ships) for steady-state conditions, with time-invariant
cross-bridge distributions and constant tension in themuscle.
This contrasts with, for instance, the situation during theBiophysical Journal 99(6) 1869–1875
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FIGURE 3 Half-sarcomere force-stiffness, force-strain relationships, and
number of attached cross-bridges versus force. (A) (Black line, replotted
from Fig. 2 B) Number of attached cross-bridges versus T/T0 according
to model (29). (Colored lines) Simulated half-sarcomere stiffness, calcu-
lated as described in text, on the assumption of different degrees of nonlin-
earity of the myofilament compliance (as indicated by colored lines in
Fig. 2 B). (Solid colored circles) Number of attached cross-bridges esti-
mated from the simulated half-sarcomere stiffness (colored lines) on the
assumption of linear filament elasticity. (B) Force-strain relationships of
cross-bridges (29) (black line; same as black line in Fig. 2 C), myofilaments
(blue and orange curved lines; same as in Fig. 2C), and the simulated force-
strain relationship of the half-sarcomere (triangles) obtained by adding
cross-bridge and filament strain at certain tension levels. (Solid straight
lines) Data obtained by regression analysis (at T/T0 > 0.5) and then shifted
to insert vertical axis at zero strain (dashed lines). (C) Force-strain data for
cross-bridges according to model (29) (black line; same as in B) and esti-
mated (solid circles) from simulated half-sarcomere data (triangles in B)
on the assumption of linear filament elasticity as described in text (note
that color-coding is the same as described in Fig. 2).
1872 Ma˚nssononset of an isometric tetanus, with net cross-bridge attach-
ment and increasing tension with time. Accordingly, the
force-stiffness and force-strain relationships (27,32) as
well as the number of attached cross-bridges versus force
(12,15,23) differ in several important respects during short-
ening and during the rise of an isometric tetanus and also
report different underlying mechanisms. Our focus on
steady-state shortening was dictated by reasons given above
(Introduction). However, importantly, the time invariance
due to the steady-state conditions also simplifies the analysis.
For practical reasons, the stiffness and strain during
steady-state shortening are given below as function of rela-
tive tension (force) in the fiber (T/T0) rather than as a func-
tion of the shortening velocity. However, it is important to
emphasize that the force-velocity relationship (Fig. 2 A)
provides a unique relationship between T/T0 and shortening
velocity.
Linear and nonlinear myofilament elasticity with the
force-stiffness relationships in Fig. 2 B (Eq. 2) were tested.
The myofilament force-strain relationships (Eqs. 3 and 4)
corresponding to these force-stiffness data are illustrated in
Fig. 2 C together with the assumed relationship between
T/T0 and average cross-bridge strain during shortening at
different constant velocities (from (29); see above). Simu-
lated half-sarcomere force-stiffness and force-strain relation-
ships, due to the cross-bridge and myofilament elasticity
acting in series, are illustrated in Fig. 3, A and B (see further
below).
It is shown in the Supporting Material that these relation-
ships superimpose almost completely on similar relation-
ships calculated by taking into account the distributed
nature of the filament and cross-bridge compliance in the
overlap zone. This extends analyses of a type previously
only performed in detail for the case with linear myofilament
elasticity ((3,30,33–35); but see (34)). While also limited
to the case of linear myofilament elasticity, the modeling
of distributed filament compliance during the tetanus rise by
Mijailovich et al. (30) took into account effects of cross-
bridge cycling using the two-state model of Huxley (25).
This adds local active displacement effects and viscouslike
behavior (see also (36)) to the continuum elasticity represen-
tation of the cross-bridge overlap zone (3). An analysis of
this type is beyond the scope of this study. However, similar
results would be expected (30), as in the type of model (3,36)
for distributed filament compliance used here (Supporting
Material). Moreover, importantly, this analysis is in general
conformance (see (12,31)) with the procedures employed in
recent fundamental experimental studies (12,15,16,19), in
line with the focus of this work.
A nonlinearity of the myofilament compliance, with the
force-stiffness relationships in Fig. 2 B, can be seen also
in the force-strain relationships, particularly for m ¼ 0.3
(blue in Fig. 2 C). However, linear regression of strain
upon force for T > 50% T0 (a tension range frequently
studied experimentally; e.g., (12,14)), gave a coefficient ofBiophysical Journal 99(6) 1869–1875determination of r2 > 0.996 (Table 1) if m R 0.3. Thus,
considering experimental variability (see force-strain curves
for rigor fibers in (12)) and other uncertainties (e.g., whether
stiffness of active and rigor cross-bridges is identical (37)),
it seems highly challenging to exclude nonlinearities
corresponding to 0.3% m <1 on basis of force-strain rela-
tionships, e.g., from experiments on rigor fibers. Also, the
Nonlinear Myofilament Elasticity 1873results of other types of muscle mechanical experiments
(22) have been suggested to be compatible with either
nonlinear (22) or linear (38) myofilament compliance.
Finally, it seems very challenging to use x-ray diffraction
data (5,6) to conclusively corroborate linearity of the fila-
ment elasticity, not the least because there are complicating
factors that might affect the spacing changes used for esti-
mation of filament extension (11,12,39,40). In summary,
the arguments in this paragraph strongly suggest that small
nonlinearities of the myofilament elasticity may be very
difficult to detect.
After simulation of force-stiffness and force-strain data of
the half-sarcomere (Fig. 3, A and B) we considered the effect
of neglecting the small nonlinearities (0.3 % m <1) when
analyzing the simulated data (corresponding to observed
fiber data in experiments). The simulated force-stiffness
relationships of the half-sarcomere, for different degrees
of nonlinearity of the myofilament compliance, are shown
in Fig. 3 A (solid colored lines). Whereas the shapes of
the force-stiffness relationships of the filaments, as a basis
for the calculations of the half-sarcomere stiffness, are
defined in Fig. 2 B, the magnitude of the myofilament
stiffness at T0 (Sf
max) varied in the calculations as indicated
in Table 1. By this approach, the total strain of the myofila-
ment elasticity at T0 was kept at 3 nm (Table 1) for all the
different shapes (Fig. 2 C) of the myofilament force-strain
relationship. Despite this fact, it can be seen in Fig. 3 A
that the simulated force-stiffness plots of the half-sarcomere
(solid colored lines) vary appreciably, demonstrating the
substantial impact of small nonlinearities of the myofila-
ment compliance.
Force-strain relationships of the half-sarcomere (Fig. 3 B,
triangles), simulated on basis of nonlinear myofilament
compliance and cross-bridge force-strain relationships from
the model (29), are quite similar (considering experimental
variability) to those found in experiments (12,14,34). As
described above, these simulated force-strain relationships
were obtained by adding the strain level for the cross-bridge
ensemble (Fig. 3 B, black curve) to that for the myofilaments
(curved blue and orange lines in Fig. 3 B) at each given
tension level. Clearly, in accordance with experimental
data (12), the simulated force-strain relationships for the
half-sarcomere appear linear at T/T0 > 0.5 (straight lines
in Fig. 3 B; r2 > 0.993).
Now, cross-bridge properties were derived from the simu-
lated half-sarcomere data in Fig. 3 A (colored lines) and
Fig. 3 B (triangles) on the assumption of a linear myofila-
ment elasticity. In this analysis, the number of attached
cross-bridges for different tension levels was obtained
from Shs(T/T0) by solving for Scb(T/T0) in Eq. 1 on the
assumption that myofilament stiffness, Sf, is constant, inde-
pendent of the degree of nonlinearity assumed when simu-
lating the half-sarcomere force-stiffness relationships (see
above). Naturally, this procedure led to the true force-stiff-
ness relationship for the cross-bridges (Fig. 3 A; solid greencircles) only for the case where the filament elasticity was
linear in the initial simulation of the half-sarcomere stiffness
(green line). In the other cases, simulated with nonlinear
filament elasticity (Fig. 3 A; orange and blue lines), the
assumption of linear filament elasticity suggested a larger
drop in the number of attached cross-bridges (orange and
blue circles) with reduced force than in the underlying
true relationship (black line). Next, an estimate of the true
force-strain relationship for the cross-bridges was obtained
from simulated force-strain relationships of the half-sarco-
mere (triangles in Fig. 3 B) by using a procedure similar
to that in recent experimental work (12). First, the slope of
the apparently linear part of the simulated half-sarcomere
relationship (for T/T0 > 0.5) was assumed to represent the
constant compliance of the myofilament elasticity (see
(12)), because it is in a reasonable range (5,6). A line
through the origin with this slope (dashed lines in Fig. 3
B) was then, for each case (orange and blue), subtracted
from the simulated half-sarcomere force-strain relationships
(as in (12)). It can be seen in Fig. 3 C that this procedure
(assuming linear filament elasticity) gives force-strain
relationships (solid circles) for the cross-bridges that differ
appreciably from the underlying true relationship (black
line).CONCLUSIONS
The conclusion, as a result of incorrectly applying the
assumption of linear filament compliance, as done above,
would be that the reduction in force with increased velocity
of shortening (for T/T0 > 0.5) is attributable to a reduced
number of attached cross-bridges (blue or orange circles
in Fig. 3 A) without appreciable change in the average force
per cross-bridge (circles in Fig. 3 C). Whereas this conclu-
sion is similar to that reached in recent analysis following an
approach similar to that used here (12) it is not consistent
with the underlying true relationships in this work (black
lines in Fig. 3). Indeed, the assumption of linear filament
elasticity in the analysis led to qualitatively erroneous
conclusions. Interestingly, these conclusions also differ
from predictions of earlier models (25) and from results of
experimental work (23) where the interpretation of the
data was not believed to be influenced by the myofilament
characteristics.
In summary, the present results demonstrate that
1. The myofilament elasticity may be simulated as a lumped
series elastic element even if it is nonlinear.
2. It is unlikely that small nonlinearities of the myofilament
elasticity would be detectable in experimental data.
3. These small nonlinearities could, nevertheless, have sig-
nificant impact on the interpretation of muscle mechan-
ical experiments in terms of cross-bridge properties if
the interpretation relies on the assumption of linear
myofilament elasticity.Biophysical Journal 99(6) 1869–1875
1874 Ma˚nssonWe have exemplified these findings here for force-strain
and force-stiffness data during shortening at different
constant velocities, but such findings may also be of rele-
vance in other cases when muscle mechanical experiments
are interpreted on the assumption of linear filament elas-
ticity. This includes the interpretation of effects of inorganic
phosphate on muscle force development (15), the mechan-
ical properties of muscle during lengthening (16,17), and
the tension response to fast length perturbations (19).
In view of the difficulty of detecting small nonlinearities
in experimental data and because of their potentially signif-
icant effects on interpretation of key experimental results,
considerable caution appears warranted for undertaking
any reevaluations of fundamental mechanisms in muscle
contraction that are based on analyses in which linear fila-
ment elasticity is a central assumption. Moreover, as shown
in Colombini et al. (34), there may be other complications
that give further reason for caution.SUPPORTING MATERIAL
Nine equations, two figures, and related text are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(10)00901-X.
Valuable comments on the manuscript from Professor S. Ta˚gerud and
Dr. T. Lindstro¨m are acknowledged.
The work was supported by The Swedish Research Council (grant No. 621-
2007-6137), The Carl Trygger Foundation, The Crafoord Foundation, The
Faculty of Natural Sciences and Engineering at the University of Kalmar,
and Linnaeus University.REFERENCES
1. Huxley, A. F., and R. M. Simmons. 1971. Proposed mechanism of force
generation in striated muscle. Nature. 233:533–538.
2. Eisenberg, E., and L. E. Greene. 1980. The relation of muscle biochem-
istry to muscle physiology. Annu. Rev. Physiol. 42:293–309.
3. Ford, L. E., A. F. Huxley, and R. M. Simmons. 1981. The relation
between stiffness and filament overlap in stimulated frog muscle fibers.
J. Physiol. 311:219–249.
4. Houdusse, A., and H. L. Sweeney. 2001. Myosin motors: missing struc-
tures and hidden springs. Curr. Opin. Struct. Biol. 11:182–194.
5. Wakabayashi, K., Y. Sugimoto,., Y. Amemiya. 1994. X-ray diffrac-
tion evidence for the extensibility of actin and myosin filaments during
muscle contraction. Biophys. J. 67:2422–2435 (Published erratum
appears in Biophys J 1995 Mar;68(3):1196–7).
6. Huxley, H. E., A. Stewart, ., T. Irving. 1994. X-ray diffraction
measurements of the extensibility of actin and myosin filaments in
contracting muscle. Biophys. J. 67:2411–2421.
7. Kojima, H., A. Ishijima, and T. Yanagida. 1994. Direct measurement
of stiffness of single actin filaments with and without tropomyosin
by in vitro nanomanipulation. Proc. Natl. Acad. Sci. USA. 91:12962–
12966.
8. Goldman, Y. E., and A. F. Huxley. 1994. Actin compliance: are you
pulling my chain? Biophys. J. 67:2131–2133.
9. Huxley, H. 1995. The working stroke of myosin crossbridges. Biophys.
J. 68:S55–S58.
10. Dunaway, D., M. Fauver, and G. Pollack. 2002. Direct measurement of
single synthetic vertebrate thick filament elasticity using nanofabri-
cated cantilevers. Biophys. J. 82:3128–3133.Biophysical Journal 99(6) 1869–187511. Huxley, H., M. Reconditi, ., T. Irving. 2006. X-ray interference
studies of crossbridge action in muscle contraction: evidence from
muscles during steady shortening. J. Mol. Biol. 363:762–772.
12. Piazzesi, G., M. Reconditi, ., V. Lombardi. 2007. Skeletal muscle
performance determined by modulation of number of myosin motors
rather than motor force or stroke size. Cell. 131:784–795.
13. Hill, A. V. 1938. The heat of shortening and the dynamic constants of
muscle. Proc. R. Soc. Lond. B Biol. Sci. 126:136–195.
14. Edman, K. A. P., A. Ma˚nsson, and C. Caputo. 1997. The biphasic force-
velocity relationship in frog muscle fibers and its evaluation in terms of
cross-bridge function. J. Physiol. 503:141–156.
15. Caremani, M., J. Dantzig, ., M. Linari. 2008. Effect of inorganic
phosphate on the force and number of myosin cross-bridges during
the isometric contraction of permeabilized muscle fibers from rabbit
psoas. Biophys. J. 95:5798–5808.
16. Brunello, E., M. Reconditi, ., V. Lombardi. 2007. Skeletal muscle
resists stretch by rapid binding of the second motor domain of myosin
to actin. Proc. Natl. Acad. Sci. USA. 104:20114–20119.
17. Fusi, L., M. Reconditi, ., G. Piazzesi. 2010. The mechanism of the
resistance to stretch of isometrically contracting single muscle fibers.
J. Physiol. 588:495–510.
18. Huxley, A. F., and S. Tideswell. 1996. Filament compliance and tension
transients in muscle. J. Muscle Res. Cell Motil. 17:507–511.
19. Linari, M., G. Piazzesi, and V. Lombardi. 2009. The effect of myofila-
ment compliance on kinetics of force generation by myosin motors in
muscle. Biophys. J. 96:583–592.
20. Higuchi, H., T. Yanagida, and Y. E. Goldman. 1995. Compliance of
thin filaments in skinned fibers of rabbit skeletal muscle. Biophys. J.
69:1000–1010.
21. Bagni, M. A., G. Cecchi, ., F. Colomo. 1999. Sarcomere tension-
stiffness relation during the tetanus rise in single frog muscle fibers.
J. Muscle Res. Cell Motil. 20:469–476.
22. Edman, K. A. P. 2009. Non-linear myofilament elasticity in frog intact
muscle fibers. J. Exp. Biol. 212:1115–1119.
23. Bagni, M. A., G. Cecchi, and B. Colombini. 2005. Crossbridge proper-
ties investigated by fast ramp stretching of activated frog muscle fibers.
J. Physiol. 565:261–268.
24. Ma˚nsson, A. 1989. The effects of tonicity on tension and stiffness of
tetanized skeletal muscle fibers of the frog. Acta Physiol. Scand.
136:205–216.
25. Huxley, A. F. 1957. Muscle structure and theories of contraction. Prog.
Biophys. Biophys. Chem. 7:255–318.
26. Hill, T. L. 1974. Theoretical formalism for the sliding filament model
of contraction of striated muscle. Part I. Prog. Biophys. Mol. Biol.
28:267–340.
27. Ford, L. E., A. F. Huxley, and R. M. Simmons. 1985. Tension transients
during steady shortening of frog muscle fibers. J. Physiol. 361:
131–150.
28. Smith, D. A., M. A. Geeves, ., S. M. Mijailovich. 2008. Towards
a unified theory of muscle contraction. I. Foundations. Ann. Biomed.
Eng. 36:1624–1640.
29. Ma˚nsson, A. 2010. Actomyosin-ADP states, interhead cooperativity,
and the force-velocity relation of skeletal muscle. Biophys. J. 98:
1237–1246.
30. Mijailovich, S. M., J. J. Fredberg, and J. P. Butler. 1996. On the theory
of muscle contraction: filament extensibility and the development of
isometric force and stiffness. Biophys. J. 71:1475–1484.
31. Linari, M., M. Caremani,., V. Lombardi. 2007. Stiffness and fraction
of myosin motors responsible for active force in permeabilized muscle
fibers from rabbit psoas. Biophys. J. 92:2476–2490.
32. Ford, L. E., A. F. Huxley, and R. M. Simmons. 1986. Tension transients
during the rise of tetanic tension in frog muscle fibers. J. Physiol.
372:595–609.
Nonlinear Myofilament Elasticity 187533. Colombini, B., M. A. Bagni,., G. Cecchi. 2007. Characterization of
actomyosin bond properties in intact skeletal muscle by force spectros-
copy. Proc. Natl. Acad. Sci. USA. 104:9284–9289.
34. Colombini, B., M. Nocella, ., G. Cecchi. 2010. Is the cross-bridge
stiffness proportional to tension during muscle fiber activation? Bio-
phys. J. 98:2582–2590.
35. Forcinito, M., M. Epstein, and W. Herzog. 1997. Theoretical consider-
ations on myofibril stiffness. Biophys. J. 72:1278–1286.
36. Thorson, J., and D. C. White. 1969. Distributed representations for
actin-myosin interaction in the oscillatory contraction of muscle. Bio-
phys. J. 9:360–390.37. Chakrabarty, T., C. Yengo,., P. R. Selvin. 2003. Does the S2 rod of
myosin II uncoil upon two-headed binding to actin? A leucine-zippered
HMM study. Biochemistry. 42:12886–12892.
38. Reconditi, M. 2010. There is no experimental evidence for non-linear
myofilament elasticity in skeletal muscle. J. Exp. Biol. 213:658–659,
author reply 659.
39. Tsaturyan, A. K., N. Koubassova, ., S. Y. Bershitsky. 2005. Strong
binding of myosin heads stretches and twists the actin helix. Biophys.
J. 88:1902–1910.
40. Huxley, H., M. Reconditi, ., T. Irving. 2006. X-ray interference
studies of crossbridge action in muscle contraction: evidence from
quick releases. J. Mol. Biol. 363:743–761.Biophysical Journal 99(6) 1869–1875
